The article deals with the various prismatic magnets arrangement schemes on the cylindrical rotor of a four-pole electric machine. The analysis of two-dimensional magnetic fields was carried out using the FEMM program. The calculation was performed for four or eight prismatic magnets with the same summary energy. As a result of the calculation, the images of the magnetic field lines of the electric machine with different variants of arrangement of prismatic magnets on the rotor are obtained. Analysis of magnetic fields allowed to determine three schemes with the highest value of flux density in the air gap: rotor with four or eight prismatic magnets magnetized in the tangential direction, fixed on a non-magnetic sleeve; rotor with eight prismatic magnets with V-type arrangement of two magnets for each pole, embedded to the rotor core of soft magnetic material.
INTRODUCTION
Traditional areas of application of electric machines with permanent magnets are aviation and space technology, automotive, robotics, medical technology, renewable energy, household appliances, etc.
Interest in such electric machines is due to their high weight and size and energy performance, long service life, high reliability, the ability to provide a high speed of the rotor, as well as to work in severe operating conditions. The main disadvantages of electric machines with permanent magnets include: higher cost due to the presence of expensive rare earth magnets in the design; the complexity of the magnetic flux control; the complexity in the manufacture due to the strong magnetic fields of magnets; the presence of thermal and mechanical limitations for magnets.
One of the tasks in the design of electric machines with high-coercive magnets is to increase the use of energy of permanent magnets, because it significantly affects the specific power and cost of the machine. The use of permanent magnets energy depends on the arrangement of magnets, their number, shape, direction of magnetization and other factors. Currently, the following permanent magnets arrangement schemes on the rotor of the machine are widespread: with radial, radial-tangential, tangential direction of magnetization, as well as with a V-type arrangement of two magnets for each magnetic pole. The choice magnets arrangement depends on the number of poles of the machine and the permissible volume of the rotor, in which it is possible to place the magnets by mechanical strength.
When choosing the design of the rotor of electric machines with permanent magnets for various purposes, optimization methods are often used [1] [2] [3] , when solving such problems, the optimal arrangement of magnets, elements from ferromagnetic and non-magnetic materials on the rotor is determined [4] [5] [6] [7] [8] [9] .
The emergence of new magnetic materials with high specific energy indicators, new approaches to the calculation of magnetic systems contributes to the improvement of design of electrical machines with permanent magnets and extending their areas of application, for example as traction motors mine electric locomotives, motors, propellers of ships and submarines, unmanned aerial vehicles, electromechanical converters of kinetic energy storage, etc.
II. THE TASK
Currently, manufacturers produce permanent magnets of various shapes and directions of magnetization. In the manufacture of electrical machines often use prismatic permanent magnets, it is necessary to maximize the energy of permanent magnets and to ensure sinusoidal shape of the distribution flux density along the air gap. The calculation of the magnetic field was made for the following schemes permanent magnets arrangement, with produce resulting in four magnetic poles around the circumference of the rotor:
 four magnets with radial magnetization on the sleeve of soft magnetic material.
 Four magnets with tangential magnetization on the sleeve of soft magnetic material.
 Four magnets with tangential magnetization on the sleeve of non-magnetic material.
 Eight magnets with radial magnetization on the sleeve of soft magnetic material.
 Eight magnets with radial-tangential arrangement on the sleeve of soft magnetic material.
 Eight magnets with radial-tangential arrangement on the sleeve of non-magnetic material.
 Eight magnets with tangential magnetization on the sleeve of soft magnetic material.
 Eight magnets with tangential magnetization on the sleeve of non-magnetic material.
 Eight magnets with V-type arrangement of two magnets for each pole.
Comparison is made for stator and rotor cores of the same size, made of the same materials (with different magnetic and non-magnetic materials arrangement), with the same air gap, and also at the same size of the magnets on the rotor (the total volume of all magnets, therefore, the energy stored in their volume, the same for all variants magnets arrangement).
III. THEORY
The distribution of the magnetic field in the volume of the core of the machine determines its weight and size and energy performance. For the analysis of two-dimensional magnetic fields FEMM [10] program was used, which allows finite element method to calculate the static magnetic field for a given geometric dimensions of the device and the properties of the materials of the magnetic circuit.
In the program FEMM was made two-dimensional model of a four-pole electrical machine with permanent magnets on the rotor with the following dimensions: external rotor diameter -100 mm, air gap -1 mm, inner diameter of stator core 102 mm, outer diameter of stator core is 160 mm. The inner circumference of the stator (Length) is 320 mm.
All elements of the magnetic circuit were specified by materials from the FEMM program library. The stator core and part of the rotor elements are made of M19 steel, the rotor shaft is steel, NdFeB 40 MGOe neodymium magnets with a coercive force of 979 kA/m.
To simplify the analysis of the distribution of flux density in the air gap of the stator core was considered smooth (without slots). The analysis of the normal and tangential components of magnetic flux density in the air gap for various schemes is performed using the Fourier series.
IV. RESULTS OF THE EXPERIMENT
As a result of the magnetic field analysis, six schemes with the highest value of the flux density in the air gap were determined for nine schemes. The results magnitude of flux density calculation for these schemes, are given in table 1. 
Arrangement of permanent magnets

Average value of the flux density, Tesla
Four magnets with radial magnetization on the sleeve of soft magnetic material 0.60
Four magnets with tangential magnetization on the sleeve of non-magnetic material 1.00
Eight magnets with radial-tangential arrangement on the sleeve of soft magnetic material 0.62
Eight magnets with radial-tangential arrangement on the sleeve of non-magnetic material 0.80
Eight magnets with tangential magnetization on the sleeve of non-magnetic material 0.96
Eight magnets with V-type arrangement of two magnets for each pole. 0.88
In fig. 1 ,a the magnets are built into the core of a soft magnetic material, with the highest value of magnetic flux density was obtained in permanent magnets area and amounted to 1.28 Tesla. With the radial magnetization of permanent magnets, the magnetic flux passes through the sleeve of the soft magnetic material and the steel shaft, part of the magnetic flux is closed through the rotor core between the magnetic poles, which reduces the working magnetic flux passing through the air gap. When tangential magnetization of magnets to increase the working flow, it is advisable to fix them on a sleeve made of non-magnetic material ( fig. 1,b ). If you use a sleeve made of soft magnetic material, part of the magnetic flux of each XII International scientific and technical conference "Dynamics of Systems, Mechanisms and Machines" (Dynamics) 5-7 November 2019, Omsk, Russia magnet will be closed through it and the steel shaft, reducing the magnetic flux passing through the air gap. In fig. 1 ,b the highest value of flux density was obtained in permanent magnets area and was 1.23 Tesla.
Graphs of changes in the normal and tangential components, as well as the magnitude of flux density in the air gap for schemes with radial and tangential arrangement of four magnets are shown in fig. 2 . The result of the analysis using Fourier series the normal and tangential components of magnetic flux density in the air gap for schemes with radial and tangential arrangement of four magnets is shown in fig. 3 , where n is the harmonic number. When using a design with alternating radial-tangential magnets, eight permanent magnets are required ( fig. 4) , with the area of two smaller magnets equal to the area of one magnet in fig. 1 . The analysis of the magnetic field with alternating radialtangential magnets was carried out for two variants: with the placement of magnets on the sleeve of soft-magnetic ( fig. 4,a) and non-magnetic ( fig. 4,b) materials, while between the magnets are elements of soft magnetic material. In fig. 4 ,a the highest value of magnetic flux density was obtained on the rotor of soft-magnetic material in the areas between the permanent magnets of 2.0 Tesla, fig. 4 ,b the highest value of magnetic flux density was of the permanent magnets -1,24 T. The result of the Fourier decomposition of the normal and tangential components of magnetic flux density in the air gap for schemes with radial-tangential arrangement of magnets is shown in fig. 6 . a b Fig. 6 . Fourier analysis of the normal and tangential flux densities for model with radial-tangential arrangement of magnets on the sleeve of soft magnetic (a) and non-magnetic (b) materials Fig. 7 shows images of magnetic field lines with eight magnets with tangential arrangement of magnets on a sleeve made of non-magnetic material and with a V-type arrangement of two magnets for each pole. Fig. 7 ,a the highest value of magnetic flux density was obtained on the rotor between the permanent magnets in the places of formation of the four magnetic poles -1.73 Tesla. In this case, in order to reduce the magnetic flux leakage magnets advisable to place on the sleeve of non-magnetic material.
For a model with a V-type arrangement of two magnets for each pole, normal operation is possible only if there are inserts of non-magnetic material ( fig. 7,b) . The highest value of magnetic flux density with this variant arrangement of the permanent magnets was obtained in magnets area and was 1.26 Tesla.
Graphs of changes in the normal and tangential components, the magnetic flux density module in the air gap for schemes with a tangential arrangement of eight magnets on a sleeve of non-magnetic material and a V-shaped arrangement of eight magnets are shown in fig. 8 . The result of analysis using the Fourier series of the normal and tangential components of magnetic flux density in the air gap for circuits with the arrangement of eight permanent magnets is shown in fig. 9 . a b Fig. 9 . Fourier analysis of the normal and tangential flux densities for model with tangential arrangement of magnets on the sleeve of non-magnetic material (a) and with a V-type arrangement of two magnets for each pole (b)
As can be seen from the graphs ( fig. 2,5,8) , the normal and tangential components of the magnetic flux density vector in the air gap are non-sinusoidal and contain higher harmonics in their spectrum ( fig. 3,6,9 ). The amplitude values of these harmonics depend on the layout and geometric shape of the permanent magnets, as well as the arrangement of magnetic and non-magnetic materials on the rotor. Among the considered magnets arrangement schemes, the lowest content of higher harmonics will be with radial-tangential scheme magnets arrangement, but the average value of magnetic flux density will be only 0.62 Tesla and 0.8 Tesla (table 1) .
V. CONCLUSIONS
Several variants of placing permanent magnets with the same summary energy on a cylindrical rotor are considered. In order to increase the energy use of permanent magnets and increase the working magnetic flux, it is necessary to ensure such arrangement of magnets that the magnetic flow leakage to be the smallest. Simultaneously with the increase in the use of arrangement magnets for most electrical machines, it is necessary that the distribution of magnetic flux density in the air gap is close to the sinusoidal shape, because it significantly affects the efficiency and performance of the machine. Both of these requirements for permanent magnet arrangement schemes are usually realized through the rational arrangement of magnets, the use of magnetic and non-magnetic materials on the rotor, the use of magnets of different shapes and different magnetization directions.
Among the considered variants of prismatic magnets arrangement the most effective for the use of magnets energy on a rotor with four magnetic poles are: 1) rotor with four or eight prismatic magnets magnetized in the tangential direction, which are fixed to the non-magnetic sleeve, between the magnets should be inserts of soft magnetic material;
2) rotor with eight prismatic magnets with V-type arrangement of two magnets for each pole, built into the rotor core of soft magnetic material.
It should be noted that the lowest content of higher harmonics in the normal and tangential components of magnetic flux density is provided by the use of four magnets with tangential magnetization on a sleeve made of nonmagnetic material.
